Because high concentrations of IL-8 are found in the sputum of cystic fibrosis patients, we hypothesized that Pseudomonas aeruginosa (PA) induces the production of IL-8 in airway epithelial cells and in monocytes. Therefore, we incubated the supernatant from PA culture with human transformed bronchial epithelial cells (16-HBE) or with monocytes. The culture medium of 16-HBE cells that had been incubated with PA supernatant for 6 h had chemotactic activity that was inhibited by an antibody to human IL-8. The PA supernatant induced IL-8 production by primary bronchial epithelial cells, by 16-HBE cells, and by monocytes. After incubation with PA supernatant, 16-HBE cells showed a marked increase in the levels of IL-8 gene expression. The PA product responsible for IL-8 production resisted freezing, boiling, and proteolysis. This product was not lipid extractable and was present in a 1-kD filtrate. We conclude that a small molecular mass product of PA stimulates IL-8 production by 16-HBE cells and by monocytes, and that the chemotactic activity produced by 16-HBE cells after exposure to PA is due principally to IL-8. (J. Clin. Invest. 1994. 93:26-32.)
Introduction
Polymorphonuclear neutrophil influx and chronic bacterial infection in the airways are two major characteristics of cystic fibrosis (CF)' ( 1, 2) . Accumulation oflarge numbers ofneutrophils is incriminated in tissue damage and in airway gland hypersecretion associated with various airway diseases (3, 4) . Moreover, abnormal airway secretions may lead to airway obstruction and death. Therefore, the cause of this neutrophil influx has important pathophysiologic implications. We hypothesized that chemotactic factors may be secreted by bacteria or by host cells in patients with chronic airway infection. Among the chemotactic factors for neutrophils produced by the airways, IL-8 is one ofthe most potent (5) (6) (7) . Because high concentrations of IL-8 are found in the sputum of CF patients (8) and because Pseudomonas aeruginosa (PA) is the predominant infecting microorganism found in the airways of CF patients, we examined the effect of PA on production of IL-8 by two types of cells that express IL-8 in humans: airway epithelial cells and blood monocytes. We also partially characterized the PA product responsible for increasing (Cambridge, MA); human recombinant IL-8 and F(ab')2 fragments of IL-8 and gpl20 antibodies were provided by Dr. Caroline H6bert (Genentech, Inc., South San Francisco, CA), and human transformed bronchial epithelial cells ( 16-HBE cells; characterized previously [9] ) were provided by Dr. Dieter Gruenert (University of California, San Francisco).
Cell culture. 1 6-HBE cells were grown to confluence in MEM supplemented with 10% FCS and 100 U/ml each ofpenicillin and streptomycin on 35-mm plates coated with fibronectin and collagen.
Human primary cultured bronchial airway epithelial cells were isolated from donor lung without known history of pulmonary disease at the time of lung transplantation. Briefly, the epithelium was stripped offthe mucosa, rinsed in PBS, and incubated at 4VC overnight in pronase (0.4 mg/ml). Sheets of cells were dislodged by vigorous agitation. Isolated cells were pelleted and resuspended in 1:1 mixture of DME and Ham's F-12 containing 5% FCS. The cells were plated at 5 X 0 1 viable cells/cm2 onto tissue culture dishes coated with fibronectin and collagen. On the first day after plating, the culture medium was replaced by serum-free DME/F12 containing 2% Ultroser G serum substitute. All studies were carried out when the cells were confluent.
PA strain PA 103 was selected because it is highly toxic and well characterized (10) . The bacteria were grown in TSBD ( 11) for 72 h at 37°C. A cell-free supernatant was obtained by centrifugation at 10,000 rpm for 60 min at 4°C and by filtration through a 0.22-,m filter (Corning, Inc., Corning, NY). The supernatant was aliquoted and stored at -70°C until used. We also cultured and studied a cell-free supernatant of six strains of PA (three mucoid, three nonmucoid), and one strain of Pseudomonas cepacia. All specimens were freshly isolated from the sputum of CF patients. Supernatants from these strains were prepared in the same manner as the supernatant from the PA 103 strain. 26 Incubation conditions. The 16-HBE cells were studied when they reached confluence. Before the incubation period, 16 We performed studies to determine the extent to which IL-8 is responsible for the chemotactic activity produced by 1 We examined the role of IL-8 in the chemotactic activity produced by incubating the human airway cells with Pseudomonas supernatant. We measured IL-8 concentrations in the cell culture medium, and we found significant amounts of IL-8; the chemotactic activity of the medium was comparable to the activity found in similar concentrations of recombinant human IL-8 (Fig. 3) . These studies suggest that the neutrophil chemoattractant produced by the coincubation of PA 103 bacteria and human airway epithelial cells (16-HBE) is IL-8. We confirmed these findings by incubating culture medium of 16-HBE cells exposed for 6 h to PA 103 supernatant (diluted 1:4) with a monoclonal blocking antibody to human IL-8 and subsequently measuring the neutrophil chemotactic activity. Addition of the IL-8 blocking antibody inhibited the neutrophil chemotactic activity. Addition of the IL-8 blocking antibody inhibited the neutrophil chemotactic activity in a dose-dependent manner (Fig. 4) . In a separate experiment, incubation with the F(ab')2 fragments ( 10 ,ug/ml) of the gpl20 antibody used as a control antibody had no inhibitory effect on neutrophil migration (20 (Fig. 5) .
Moreover, when studied after 6 h ofincubation of 16-HBE cells with cell-free supernatant of PA 103, IL-8 production increased in a concentration-dependent manner (Fig. 6) . The increase in IL-8 production of 1 (Fig. 7) . The supernatant of various strains of Pseudomonas also induced IL-8 production in 16-HBE cells (Table I) (Fig. 8) .
Partial characterization ofthe active PA103 product. The active product of PA 103 supernatant responsible for stimulating IL-8 production by 16-HBE cells resisted freezing, boiling, and proteolytic digestion. The filtrate of membranes with a l-kD cut-off retained the ability to induce IL-8 production. The organic phase of the lipid extraction induced very little IL-8 production, whereas the aqueous phase retained most the activity. These results are summarized in Table II . IL-8 production by 1 This discrepancy may be due, at least in part, to differences in the Pseudomonas strain or to differences in methodology. for neutrophils by stimulating the production of IL-8 in human airway epithelial cells and in monocytes. We found that PA supernatant is not chemotactic for neutrophils in our preparation but that the culture medium of bronchial epithelial cells after exposure to PA 103 is time-dependently chemotactic for human neutrophils and that this chemotactic activity is inhibited by a blocking monoclonal antibody to human IL-8. From these results, we reasoned that PA supernatant stimulates the production of IL-8 in the cells tested. Because epithelial cells and monocytes are sources of IL-8 in the airways, we studied the production of IL-8 by human airway epithelial cells and by human monocytes after stimulation with PA. We found that PA supernatant stimulates IL-8 expression and production by both cell types. PA affects neutrophil recruitment into the airways by direct and indirect mechanisms. Bacterial culture supernatants from PA induce neutrophil chemotactic activity directly (15) (16) (17) . Among many products isolated from PA ( 18, 19) , FMLP-like molecules and rhamnolipids ( 15, 20) have been shown to induce direct neutrophil chemotactic activity, but the pathophysiological importance of these chemoattractants is unknown. The direct neutrophil chemotactic activity of PA appears to be PA can also induce chemotactic activity indirectly. By activating the complement system, Gram-negative bacteria stimulate the production of C5a, a potent chemotactic factor (24) . Gram-negative bacteria also stimulate macrophages to secrete low molecular mass factors (including leukotrienes) that are chemotactic for neutrophils (3). Here we report a new and indirect mechanism by which PA may cause neutrophil recruitment into the airways. We found that PA supernatant stimulates the production of IL-8 in airway epithelial cells and in monocytes. Bacterial adhesion to airway epithelial cells or monocytes is not required for IL-8 expression and secretion, because bacterial culture supernatant alone induced IL-8 production and mRNA expression in airway epithelial cells.
To identify the PA product(s) responsible for IL-8 induction, we first considered products that have already been characterized. We found that although Pseudomonas LPS stimulates IL-8 production by human peripheral blood monocytes, Pseudomonas LPS does not stimulate IL-8 production by the cultured human airway epithelial cells that we examined. This finding supports previous studies that show that LPS from another bacterium, Escherichia coli, selectively induces IL-8 production by monocytes and by endothelial cells but not by airway epithelial cells or in fibroblasts (28) . Because LPS can not explain the stimulation of production of IL-8 by airway epithelial cells, we attempted to isolate the responsible product.
We separated the PA supernatant by molecular mass, and found that the filtrate of a 1 -kD cut-off membrane maintained the ability to induce IL-8 production in airway epithelial cells. The responsible low molecular mass product was heat stable and was not inactivated by pronase or by trypsin. Its heat stability and lack of protease denaturation suggests that the active product is not a protein. Furthermore , we found that the product that stimulated epithelial cell IL-8 production was not extractable into the lipid fraction. Thus, because of its molecular size and lipid insolubility, the active product is not LPS. The lack of lipid solubility also mitigates against the PA product being a rhamnolipid (25) . In addition, the common Pseudomonas exotoxins have much larger molecular masses.
Because of their small molecular mass(es), the PA product(s) would be predicted to penetrate tissues and to induce IL-8 production in cells located both near the lumen (e.g., epithelial cells) and deep in the tissue (e.g., tissue monocytes). In the airways, where the number of monocytes or macrophages may be small, the airway epithelial cells may be the principal sources of IL-8 after Pseludomonas infection. In contrast to airways, macrophages may be a principal source of IL-8 in the alveolar space (23) .
IL-8 gene expression and protein production occurred rapidly after incubation with PA 103 supernatant: within 3 h of exposure to PA 103, airway epithelial cells had already begun to secrete the neutrophil chemoattractant, IL-8. IL-8 production by airway epithelial cells and by monocytes can be stimulated by various cytokines, including IL-1,B and TNF-a (26) (27) (28) . In this study, the IL-8 production was greater in response to PA 103 supernatant diluted 1:4 than to IL-13 and to TNF-a used at 20 ng/ml.
Airway infection with PA has been implicated in the pathogenesis of CF (2) . Similarly, neutrophils, their products (4), and their DNA (29) may have critical roles in the airway hypersecretion and inflammation that lead to clinical deterioration and death. We suggest that the excessive accumulation of neutrophils in CF airways may be due, at least in part, to IL-8 production. At the interface with the environment, the airway epithelium is positioned to play an important role in host defense. Its close contact with the Pseudomonas bacteria and their secreted products suggests that epithelial cells may play a key role in mobilizing defense mechanisms. We suggest that stimulation of IL-8 production by airway cells exposed to the novel Pseudomnonas product(s) described here represents a potentially important cell signaling mechanism for neutrophil recruitment. Abnormalities in this response could play an important role in the pathogenesis of airway obstruction in cystic fibrosis. Antagonists to the PA product(s) might be useful in the therapy of cystic fibrosis.
In summary, we found that a small molecular mass product of PA stimulates IL-8 production by human airway epithelial cells and by monocytes, and we found that the neutrophil chemotactic activity produced by airway epithelial cells after exposure to PA is due principally to IL-8. a grant from NATO. Dr. Pittet was supported by a fellowship from the Swiss National Science Foundation (grant 702/90).
